Identification of the roles of conserved charged residues in the extracellular domain of an epithelial sodium channel (ENaC) subunit by alanine mutagenesis EPITHELIAL SODIUM CHANNELS (ENaC) are located at the apical membrane of epithelial cells where their major function is to funnel Na ϩ ions from the lumen into the cell. Sodium ions that enter the epithelial cells via ENaC are then pumped out into the interstitial space via Na-K-ATPase located on the opposite basolateral membrane (25) .
ENaC is composed of three homologous subunits named as ␣, ␤-, and ␥-ENaC that are 669, 640, and 649 residues long, respectively (28, 31) . Each subunit has two transmembrane segments that are embedded in the apical membrane. The extracellular domains (ECD) of the three subunits of 456, 461, and 465 residues, respectively, are exposed on the lumen side of the membrane, forming a funnel that directs ions from the lumen into the pore of ENaC, and from there into the epithelial cell. The crystal structure of a homologous acid-sensing ion channel 1 (ASIC1) shows a homotrimeric complex (16) . In view of this model, it is likely that ENaC functions as a heterotrimer composed of ␣, ␤-, and ␥-ENaC (37) . Both molecular genetic studies in humans (7, 11, 38) and in vitro expression studies (6, 12, 13, 31) indicate that all three subunits are essential for ENaC activity.
All the hereditary mutations that have been reported in the gene encoding for the ␣-ENaC subunit (SCNN1A) are associated with multisystem type I pseudohypoaldosteronism (PHA) (11) . This is a severe salt-wasting disease that can lead to neonatal death, if not diagnosed and treated early (12, 14) . Most of these mutations have been observed in the region coding for the ECD of ENaC.
We undertook the present study to examine the functional roles of conserved charged residues in the ECD of ENaC. Charged residues in proteins may have diverse roles including enhancing the hydrophilicity of the protein in an aqueous environment (4, 42) , participation in the formation of intra-and intermolecular salt bridges between residues carrying opposite charges (e.g., Asp ↔ Arg) in interacting segments of proteins (19, 23, 27) and specific binding of ions during the course of ion movement in channels (20, 35, 40) . Specifically in ␣-ENaC, charged residues have been shown to be essential for recognition by specific proteases that activate ENaC (18) , and histidine residues in ECD have been shown to affect Na ϩ dependent self-inhibition of ENaC (32) .
Conserved residues on the surface of ENaC could possibly play a role in the functioning of ENaC, at any level, starting from the trafficking of the subunits to the cell surface (5) and extending up to the process of ion movement within the fully assembled ENaC on the cell surface (22) . To examine the significance of these residues, we mutated each to alanine that carries no charge. The in vitro transcribed cRNAs generated from these cDNAs were then expressed in Xenopus laevis oocytes together with wild-type (WT) ␤-and ␥-ENaC subunits and ENaC activity was assayed by the two-electrode voltageclamp method.
Assay of ENaC activity by the two-electrode voltage-clamp method reports whole cell current that reflects both the number of the channels (N) in the membrane and the open probability of the channel (P o ). Consequently, mutations of the residues would be expected to affect whole cell current by altering either cell surface expression of ENaC or the process of Na ϩ conductance by ENaC. To distinguish between these two possibilities, we examined two parameters for each mutant: cell surface density of expressed ENaC and Na ϩ self-inhibition of ENaC. Previous studies have shown Na ϩ self-inhibition is associated with a reduction in channel P o (33) .
To measure the cell surface density of ENaC, we used a hybrid construct of ␥-ENaC subunit and yellow fluorescent protein (YFP). To examine the functioning of Na ϩ conductance by ENaC, we assayed rapid Na ϩ -dependent self-inhibition of ENaC (9, (32) (33) (34) . Our results show that the two parameters examined together account for most if not all of the reduction in ENaC conductance as a result of conserved residue mutations to alanine. Thus the charged residues examined appear to be functionally important mainly for structural configuration that affects Na ϩ self-inhibition and/or transport to the cell surface.
METHODS
Plasmids. ENaC cDNA clones were generated from total human lung RNA as a template that was reverse transcribed using an RT-PCR kit (Promega) and oligo(dT) primer. The total cDNA was used as template for the synthesis of three specific cDNAs encoding for the ␣-, ␤-, and ␥-subunits of human ENaC using the primer sets shown in Table 1 . These cDNAs were then inserted into a pGEM-T Easy plasmid (Promega). For expression studies, we used pGEM-HJ, a version of the pGEM-HE vector (21) . The inserts from the pGEM-T Easy plasmid were amplified by PCR using the primer sets shown in Table 2 . The products of the PCR were cut with appropriate enzymes and subcloned into pGEM-HJ.
Site-directed mutagenesis. To examine the function of conserved charged residues by site-directed mutagenesis, we selected 16 residues that are conserved in all known sequences of ␣-ENaC from eight species (Table 3) . These residues were modified to nonpolar alanine using a recently described sitedirected mutagenesis method (10) with the primers listed in Table 4 . As a control, we also generated additional mutant cDNAs wherein we changed the charged residue to another charged residue with the following conversions: Asp ↔ Glu and Arg ↔ Lys. The primers used for generating these mutants are listed in Table 5 . In Tables 4 and 5 , we list only the forward primers. The reverse primers were complementary in sequence. After mutagenesis, we sequenced all isolated cDNAs using an ABI 310 Genetic Analyzer to ascertain that the cDNAs had the expected sequences without any additional change.
Electrophysiological measurements. The cDNAs were transcribed in vitro using T7-RNA polymerase (Promega) to generate cRNAs. The cRNAs (3 ng for each subunit) were microinjected into immature stage V-VI X. laevis oocytes that were dissociated with 0.3 mg/ml type 1A collagenase. The method of preparation of the oocytes was approved by the Institutional Animal Care and Use Committee (permit no. 11-05-064). The oocytes were incubated at 19°C in ND-96 medium (in mM: 96 NaCl, 2 KCl, 1 CaCl 2 , 1 MgCl 2 , and 5 HEPES, pH 7.4) containing 2.5 mM sodium pyruvate, 50 g/ml gentamicin, and 10 M amiloride. ENaC-dependent amiloride-sensitive whole-cell inward Na ϩ current was measured 2-3 days after cRNA injection using the two-electrode voltage-clamp method, while oocytes were clamped at Ϫ80 mV and continuously perfused with ND-96ϩ10 M amiloride and ND-96 alternately at room temperature (20 -25°C). Data were collected and analyzed using pClamp software (Axon Instruments).
Assay of Na ϩ self-inhibition. The Na ϩ -dependent self-inhibition of ENaC expressed in X. laevis oocytes was assayed following previously reported protocols. Oocytes were initially maintained in ND-96 medium. Each oocyte was injected with 1 ng cRNA for each of the three ENaC subunits. Within 30 -60 min after injection, the perfusion medium was changed to NaCl-1 medium (ND-96 medium with 1 mM NaCl and 95 mM N-methyl-D-glucamine instead of 96 mM NaCl), and oocytes were kept in this medium for 24 h. The measurements were carried out using the two-electrode voltage-clamp method while the oocytes were clamped at Ϫ60 mV. After the initiation of the clamp, current was recorded under three conditions: 1) basal current for 1 min in NaCl-1 medium; 2) Na ϩ current for 2 min after switch of perfusion medium to ND-96 medium; and 3) amiloride-inhibited basal current for 1 min after switch of perfusion medium to ND-96ϩ10 M amiloride. Self-inhi- 
bition is strongly dependent on temperature. Thus all the experiments were carried out at room temperature strictly maintained at 22°C. We carried out the same experiments using LiCl instead of NaCl. LiCl-1 and LiCl-96 were used as the equivalent corresponding buffers for these experiments. The time constant () was calculated by fitting the first 40 s of current decay with an exponential equation by Clampfit 10.1 (Axon Instruments).
Fluorescence measurements and detection of YFP expression in oocytes.
To examine the oocyte membrane distribution of ENaC subunits, we generated a ␥-ENaC-fluorescent protein fusion construct. For this, we amplified the coding sequence of YFP and inserted the PCR fragment at the BamHI site after the ␥-ENaC coding sequence in PGEM-HJ vector.
In experiments designed to determine fluorescence of ␥-ENaC-YFP hybrid protein in oocyte membrane, 12 ng of cRNA was injected into oocytes. The oocytes were incubated in ND-96 medium with 10 M amiloride at 19°C for 3 days. The oocytes were then transferred with a pipette to ND-96 medium in a 0.7-mm glass-bottom dish for imaging using a confocal fluorescence microscope (Zeiss LSM 510 META, Jena, Germany) with either ϫ5 or ϫ20 air objectives. YFP fluorescence was excited using a 514-nm argon laser line. The emission spectrum was recorded with a filter in the range of 524 -609 nm.
The intensity of YFP fluorescence showed no significant variation at the animal (dark) hemisphere. For each oocyte, the fluorescence intensity was taken as the average of three points on the membrane, minus the average of three points inside the dark (nontransparent) part of the animal hemisphere using Zeiss LSM Image Examiner Software (version 4.2).
Immunoprecipitation of ␣-ENaC subunit. For determination of the relative amount of the expressed ␣-ENaC subunit, 12 ng of ␣-ENaC cRNA was injected into oocytes. The oocytes were incubated in ND-96 medium with [ 35 S]methionine (150 Ci/ ml) at 19°C for 3 days. Oocytes were then homogenized in groups of 10 in 0.5 ml of homogenization buffer (in mM: 20 Tris, pH 7.4, 5 EDTA, 5 EGTA, 100 NaCl) containing Complete Protease Inhibitor Cocktail at a dose recommended by the manufacturer (Boehringer Mannheim) and centrifuged for 10 min at 700 g. The supernatant was removed, and CHAPS detergent was added to a final concentration of 1% and shaken at room temperature for 30 min. The supernatant was then centrifuged for 15 min at 13,000 g. The supernatant was removed and incubated with 4 l anti-␣-ENaC (sc-21012, Santa Cruz Biotechnology) overnight at 4°C. The solution was reacted with 30 l protein A Sepharose CL-4B (GE Healthcare) with gentle shaking for 1 h at 4°C and centrifuged for 10 min at 700 g. The pellet containing the beads was washed three times with homogenization buffer. The beads were then suspended in gel sample buffer, heated for 5 min at 65°C, and precipitated by centrifugation. The clear supernatant was removed and electrophoresed in 6% polyacrylamide gel.
Software for analysis of sequence and structural homology. Multiple sequence alignment for the identification of conserved or homologous residues was carried out using Clustal software (8) . Clustal results were visualized using GeneDoc (http:// www.nrbsc.org/gfx/genedoc/) (24) . Structural comparisons between human ␣-ENaC and the ASIC1 model (16) were limited only to regions showing unequivocal sequence homology. ENaC was also modeled using the SWISS-MODEL server (2). Molecular models were visualized using Discovery Studio Visualizer (Accelrys).
Statistical analysis. The activity of each mutant cRNA was tested in at least two independent experiments with at least 10 oocytes. Measurements were carried out without knowledge of the injected cRNA. Significance of the difference between means was analyzed first by one-way analysis of variance. Significance of the difference for subsequent multiple compar- 
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RESULTS
To select conserved charged residues in the extracellular domain of the ␣-ENaC subunit, we aligned all known sequences of ␣-ENaC from eight species (human, bovine, guinea pig, mouse, rat, rabbit, chicken, and X. laevis). The aminoterminal segment of ␣-ENaC is cleaved by cellular proteases such as furin (1, 18, 26) . Therefore, we selected residues between the furin cleavage site and the second transmembrane domain of ␣-ENaC (Fig. 1) . Some of the residues we selected are conserved also in ␤-and ␥-subunits of human ENaC, as indicated in the second column of Table 3 .
Mutation of charged residues to Ala inhibits ENaC activity. To examine the importance of the charged residues, we generated 16 different ␣-ENaC cDNAs where alanine was substituted instead of the selected charged residues. The cRNA coding for each mutated ␣-ENaC subunit was microinjected into X. laevis oocytes together with WT ␤-and ␥-subunits. The oocytes were incubated for 2-3 days in a solution containing 10 M amiloride to block the ENaC currents. During the recording session, the cells were held in amiloride-containing medium at a holding potential of Ϫ80 mV (see METHODS) using the two-electrode voltage-clamp method. The amiloride-sensitive whole-cell ENaC current was determined by perfusing the cell with amiloride-free solution. Expression of only ␤-and ␥-subunits without ␣-ENaC showed no significant amiloridesensitive Na ϩ current. The expression of WT ␤-and ␥-subunits together with mutated ␣-ENaC generated significant Na ϩ current, ranging from about Ϫ10 to Ϫ30 A.
In a series of experiments with each of the mutants, we observed that alanine substitution reduced ENaC currents down to 40% of the level observed with the WT ␣-ENaC subunit (i.e., ϳ60% inhibition) (Fig. 2) . Only three mutations showed no significant inhibition (Glu358Ala, Arg476Ala, and Arg518). There was no apparent correlation between the degree of inhibition and the range of conservation of the residue across all three subunits. The average degree of inhibition by mutation of residues unique to ␣-ENaC was 63%, and the average degree of inhibition by mutation of residues conserved in all three subunits was 58%.
To examine whether mutations of the conserved residues to a homologous residue can affect the ENaC activity of the channel, we generated eight mutants wherein the charge of the residue was maintained, i.e., Asp ↔ Glu, or Arg ↔ Lys. The results showed no significant difference between the activity of the mutants and the WT ENaC (Fig. 3) .
␣-ENaC mutations do not affect total expression of mutated ␣-ENaC subunit. Most of the ENaC subunits expressed in an oocyte remain in pre-Golgi compartments, and only a small fraction is transported to the oocyte surface membrane (39) . To examine the possibility that differential macroscopic current density of ENaC channels results from different levels of translation of the microinjected cRNAs, we measured the total amount of newly synthesized ENaC proteins for each of the mutants. The results of the experiment showed no significant differences between the mutants (Fig. 4) .
Effect of ␣-ENaC mutations on Na ϩ-dependent self-inhibition. Following previously established protocols (32, 34), we measured the time constant () for self-inhibition of ENaC after rapid change in Na ϩ concentration in the medium from 1 to 96 Fig. 2 . ENaC Na ϩ conductance in oocytes expressing an ␣-ENaC subunit with a charged residue mutated to alanine. Sodium conductance of oocytes injected with wild-type (WT) cRNAs for ␣-, ␤-, and ␥-ENaC (␣␤␥) was normalized to 100%. Control oocytes were injected with only cRNAs for ␤-and ␥-ENaC (␤␥). All other results represent Na ϩ conductance in oocytes injected with an ␣-ENaC cRNA carrying a single residue (noted at the bottom of each bar) mutated to Ala and wild-type cRNAs for ␤-and ␥-ENaC. The amiloridesensitive sodium current was measured by the 2-electrode voltage clamp method 2 days after injection. Results shown are means Ϯ SE of at least 10 oocytes/mutation. For all mutants except for Glu358Ala and Arg476Ala, the mean was significantly different from the wild-type (P Ͻ 0.05). ajprenal.physiology.org mM as described in METHODS (Fig. 5) . As previously noted, in Na ϩ -dependent self-inhibition there is some variability between batches of oocytes. Therefore, in Fig. 6A the results are presented in percent values relative to the WT control oocytes recorded in the same experiment. The absolute values, in seconds, are presented in Supplementary Fig. S1A . Only eight of the 16 mutants showed values that were significantly different (P Ͻ 0.01) from the WT ENaC (Fig. 6A) . Mutations of four residues (D235, E250, R350, and E538) to alanine caused a significant decrease in (i.e., accelerated self-inhibition), and mutations of two residues (D393 and E530) caused a significant increase in (i.e., decelerated self-inhibition) for Na ϩ conductance change (Fig. 6A) . The greatest reduction in (to ϳ30% of WT) was observed for two mutants (E250A and R350A), and the greatest increase in (to ϳ170% of WT) was observed for two mutants (D393A and E530A) (Fig. 6A) . When we carried out the same experiment with Li ϩ instead of Na ϩ , we obtained essentially the same results with no major difference from Na ϩ -dependent self-inhibition ( Supplementary  Fig. S1B ). Thus the WT ENaC and channels with alanine mutations showed the same quantitative response of selfinhibition with Li ϩ as well as with Na ϩ . Na ϩ dependent self-inhibition phenomenon has been previously assessed by an additional parameter based on the ratio of steady-state current (I ss ) and peak current (I peak ) observed after the rapid change of the bath medium to high Na ϩ concentra- The WT sample was injected with cRNAs encoding for ␣-, ␤-, and ␥-ENaC subunits. All the other oocytes were injected with an ␣-ENaC cRNA carrying the mutation indicated. In each experiment, the oocyte was clamped at Ϫ60 mV and whole cell current was recorded while superfusing the oocyte with medium containing 1 mM NaCl (open bar). Na ϩ concentration was then increased rapidly to 96 mM (gray bar). The time constant values shown in Fig. 6 were determined for a period of 40 s starting with the peak current (Ipeak) response of each recording. Iss, steady-state current. ajprenal.physiology.org tion. We measured the I ss /I peak ratio for all the mutants (Fig.  6B) . The values and I ss /I peak ratios were strongly correlated for all 16 samples (r ϭ 0.865) (Fig. 7) . Such a correlation may indicate that Na ϩ -dependent self-inhibition can be described as a reversible first-order process of the type O^C, where O is the open and C is the closed (Na ϩ -inhibited) state of the channel. In this case, both the time course of self-inhibition and the steady-state level of the remaining current are generally determined by the ratio between forward (inhibition; O ¡ C) and backward (recovery; C ¡ O) rates, k 1 and k Ϫ1 , respectively. In such case, ϭ 1/(k 1 ϩk Ϫ1 ) and I ss /I peak ϭ k Ϫ1 /(k 1 ϩ k Ϫ1 ) (15) . A simple case in which a linear relationship between and I ss/ I peak (as shown in Fig. 7 ) may be observed occurs when the mutations change only k 1 whereas k Ϫ1 remains constant. In ENaC, which is normally constitutively active in the plasma membrane, the steady-state P o will be linearly related to I ss /I peak ; therefore, changes in the latter are excellent indicators of changes in P o caused by a mutation. Only one mutant (R350A) consistently showed a deviation from this behavior. In this mutant, the channel was closed rapidly but the steady-state I ss/ I peak was reduced only slightly (cf. recordings in Fig. 5 ). The data point for R350A showed the largest deviation from the linear regression line (Fig. 7) . This deviation could result from a change in more than one parameter of the self-inhibition process (e.g., both k 1 and k Ϫ1 are altered by the mutation), or from a recording artifact whereby the inhibition starts very rapidly and the I peak value is underestimated. Without this R350A mutant the correlation coefficient between and I ss /I peak ratios was r ϭ 0.93 (Fig. 7) .
F891 CHARGED RESIDUES IN THE ␣-ENaC EXTRACELLULAR DOMAIN
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Cell surface expression of ENaC subunits can be tracked using a ␥-ENaC-YFP hybrid protein. To assay cell surface density of ENaC, we generated a hybrid protein constructed of ␥-ENaC with YFP attached at its carboxy terminus. Expression of WT ␣-and ␤-ENaC together with ␥-ENaC-YFP showed strong oocyte cell surface fluorescence that could be quantitated by confocal microscopy (Fig. 8) . Expression of ␤-ENaC together with ␥-ENaC-YFP showed low fluorescence (ϳ14% of that observed with ␣␤␥-ENaC) (Fig. 9) . Expression of ␥-ENaC-YFP alone gave even lower fluorescence (2.3%). In contrast, expression of all mutated ␣-ENaC subunits showed detectable fluorescence at the oocytes' surface (Figs. 8 and 9) .
Activity of ENaC reconstituted with mutated ␣-ENaC is correlated with the cell surface expression of ENaC. The results of Na
ϩ self-inhibition analysis did not show a general correlation with the macroscopic conductance of the mutants. In contrast, oocyte surface fluorescence of ENaC showed a significant correlation with conductance of the mutants. The Pearson correlation coefficient between the two sets of values was r ϭ 0.62 (P Ͻ 0.01). In other words, the results showed that ENaC conductance increases as a function of surface membrane density of ENaC.
If the mutation of a residue reduces single-channel Na ϩ conductance or P o of ENaC channels, then it would also be expected to reduce general channel activity irrespective of channel density in the membrane. Thus the inclusion of such cases in the correlation between cell surface density vs. macroscopic Na ϩ conductance would be expected to reduce the overall correlation. The Na ϩ -dependent self-inhibition experiments showed that some of the mutations affect ENaC activity independently of ENaC expression on the cell surface. Exclusion of the values for four mutants with the greatest effect on Na ϩ self-inhibition increased the correlation coefficient between the two sets of values to r ϭ 0.87 (P Ͻ 0.0001) (Fig. 10) . It should be noted that three of the four mutants had the largest residuals in the linear regression plot (Fig. 10) . ajprenal.physiology.org Na ϩ self-inhibition effect provides an explanation for the discrepancy between cell surface expression and ENaC Na ϩ conductance activity. Three of the alanine mutants showed a major discrepancy between the cell surface density of ENaC and macroscopic conductance of ENaC. In other words, the data for these mutants deviated from the linear regression line shown in Fig. 10 . The combined results for the three parameters measured for these exceptional cases are shown in Fig. 11 .
The most exceptional among these three mutants was the E250A mutation. The cell surface expression of this mutant was similar to WT ENaC, but its Na ϩ conductance was Ͻ50% of WT ENaC. The time constant for Na ϩ self-inhibition for this mutant was ϳ30% of WT ENaC, and I ss /I peak was 40% of WT. These results together provide an explanation for the low activity of the mutant: a lower value means that the mutation enhances Na ϩ self-inhibition; accordingly, a low I ss /I peak indicates a considerable decrease in P o . Consequently, although the membrane density of the channel is as high as the WT ENaC, the channel does not work as efficiently as WT ENaC, resulting in lower Na ϩ conductance. The R350A mutation showed a behavior similar to that of the E250A mutation.
The third case (D393A) showed a discrepancy that was the opposite of the two prior cases. The D393A mutant showed twofold higher Na ϩ conductance than would be expected from its cell surface density (Fig. 11) . However, the mutation greatly reduced Na ϩ self-inhibition of ENaC ( value ϳ2-fold higher than WT, and I ss/ I peak ϳ140% of WT). Thus, even though the membrane density of ENaC was low, the channels worked with greater efficiency and probably had a higher P o (as a result of lower Na ϩ self-inhibition), enhancing the relative Na ϩ conductance of ENaC.
In a similar vein, the E530A mutation greatly increased the value (ϳ170% of WT) and I ss /I peak (ϳ130% of WT). This increase was not associated with an apparent change in Na ϩ conductance of ENaC, probably being counterbalanced by the 35% decrease in membrane expression level.
DISCUSSION
We undertook the present study to understand the roles of conserved charged residues in the ECD of ENaC, by mutating them to uncharged alanine and examining the activity of the mutated channels. A major initial concern in mutagenesis studies was that mutations may artificially disrupt normal folding of proteins, reflecting nonspecific effects beyond the location of the modified residue. To address this possibility, we selected residues exposed on the surface of ENaC based on the homologous ASIC1 crystal structure (Table 3) . Thus their modification would be less likely to disrupt normal folding compared with residues located within the core of the protein. This assumption was supported by the finding that control mutations wherein the charge of the residue was maintained did not cause a significant change in ENaC activity (Fig. 3) . Overall, our results revealed specific roles for selected residues consistent with their presumed structural locations.
Sodium conductance of the mutant forms of ENaC expressed in oocytes is commonly assayed using the two-electrode voltage-clamp method. The whole cell current measured by this method depends on both the number of the channels in the membrane and the P o of each channel. To examine these two independent aspects, in addition to measuring ENaC activity, we also measured cell surface density of ENaC and Na ϩ self-inhibition of ENaC. Our results revealed distinct correlations between the parameters assayed and elucidated the roles of specific charged residues in these processes.
Conserved charged residues on the surface of ECD take part in Na ϩ self-inhibition of ENaC and/or trafficking to the membrane. Mutation of 12 of 16 conserved residues to alanine affected either Na ϩ self-inhibition of ENaC and/or cell surface density of ENaC. Mutations of four residues (E250, R350, D393, and E530) most strongly affected Na ϩ self-inhibition. Mutation of 12 of the 16 residues resulted in decreased cell surface expression of ENaC. Three residues mutated (D393, E530, and E538) appear to have dual roles, participating in both structures and interactions responsible for Na ϩ selfinhibition as well as for trafficking to the cell surface. Among the 16 mutations, only one (E250A) stands out as a mutation that did not affect cell surface expression but drastically enhanced Na ϩ self-inhibition. Thus this residue appears to be involved solely in determining Na ϩ self-inhibition, without playing a role in membrane trafficking. Overall, these results indicate that most of the charged residues are essential for trafficking of the subunits to the membrane or for their retention at the surface.
Effect of mutations on whole cell current could be accounted for by changes in membrane density of ENaC and Na ϩ self-inhibition. For the specific mutants we studied, the decrease in ENaC activity could be accounted for by two determinants only: 1) effect of the mutation on cell surface density of ENaC, and 2) effect of the mutation on Na ϩ self-inhibition. The effects of the mutations on ENaC activity could be categorized into three groups: 1) mutations that decreased ENaC activity mainly by decreasing membrane density of ENaC, 2) mutations that affected ENaC activity mainly by changing Na ϩ self-inhibition of ENaC, and 3) mutations that affected both parameters to varying degrees. A strong correlation (r ϭ 0.87) between membrane density and Na ϩ conductance activity was observed for 12 mutants. Arbitrarily, we include these in the first group, although some of the mutations in this group had a small but significant effect on Na ϩ selfinhibition as well. Only one residue (E250) is included in the second group. The comparative analysis presented in RESULTS and in Fig. 11 shows that the major effect of the E250A mutation on the activity of ENaC was via enhancement of Na ϩ self-inhibition. For one mutation (D393A), we observed major contributions of both determinants. D393A mutation decreased Na ϩ self-inhibition (increased ), compensating for reduced membrane density.
In a study examining the role of cysteines in the ECD of mouse ␣-ENaC, some double mutants were observed to decrease Na ϩ self-inhibition (34) . These mutants were suggested to constitute a distinct group of "gain-of-function" mutations that enhance ENaC activity, different from the Liddle syndrome causing mutations in the PY motif that are involved in the ubiquitin-dependent degradation of ENaC (30) . Since this study did not examine the effect of the mutations on ENaC cell surface density, we do not know whether these mutations would indeed increase ENaC activity. In our study, we identified two mutations that decrease Na ϩ self-inhibition (D393A and E530A). However, our results show that mutations that affect Na ϩ self-inhibition may also affect cell surface density. The final effect on ENaC activity would be determined by both of these parameters, as illustrated in Fig. 11 . Thus our findings emphasize that reduction of Na ϩ self-inhibition of ENaC may not necessarily be associated with enhanced ENaC activity.
The finding that single-residue mutations affect Na ϩ selfinhibition raises the possibility that some cases of PHA and Liddle syndrome may be due to such mutations. However, none of the mutations generated in this study have been reported as a SNP or as a mutation responsible for PHA.
Location of mutated residues on the ENaC surface. To estimate the location of the mutated residues on the ENaC surface, we mapped the positions of the homologous residues on the structure of ASIC1 (16) . Figure 12 shows the surface positions of four residues homologous to ␣-ENaC R350, D393, D400, and D446 (K247, D290, D297, and T337 in ASIC1).
Alanine mutagenesis of these four residues showed the highest effect on surface expression and/or self-inhibition of ENaC (Figs. 6 and 9 ). One residue (E250) that also had a strong effect on self-inhibition of ENaC could not be mapped as it has no homolog in ASIC1. The homolog of ␣-ENaC R350 (K247, red in Fig. 12 ) is located just at the interface between chains A and C of ASIC1. Modification of R350 to alanine showed the greatest effect on Na ϩ self inhibition (Fig. 6 ). Although this residue is located deeply between the two chains, it is visible through a pore on the ASIC1 surface in the orientation shown in Fig. 12 . Incidentally, this residue is conserved in all three subunits of ENaC as well as chicken ASIC1 (Table 3) .
The homolog of ␣-ENaC D393 (D290, purple in Fig. 12 ) is located at a site close to chain C on ASIC1. Its mutation to alanine resulted in strong effects on both cell surface expression and Na ϩ self-inhibition. It should be noted that the N terminal of ␣-ENaC is cut by proteases, probably providing greater mobility to this segment. Thus this charged residue may play a critical role in ion permeation after cleavage of the subunit.
Finally, the homologs of ␣-ENaC D400 and D446 (D297 and T337, blue in Fig. 12 ) appear completely exposed on the protein surface far removed from the other two chains (Fig.  12) . The mutations of these two residues showed the strongest effect on cell surface expression but had no effect on selfinhibition. The lack of an effect on self-inhibition is explainable by the fact that these two do not appear on the path of ion permeation. Since self-inhibition reflects P o , this result also indicates that once in the membrane, the modified channel functions normally, i.e., excluding the possibility of a misfolding in the protein. Mutation of these two aspartates should not affect subunit-subunit interactions as they do not appear in the interface between two chains. Thus the remaining alternative is that the mutations of these residues may have affected surface expression by interrupting interactions with other molecules during transport to membrane.
One interesting residue that is not visible in Fig. 12 , as it is hidden between chains A and C, is the homolog of E538 (Q421 in ASIC1). In ASIC1 structure, this Gln421 appears to be involved in intersubunit interactions with Asp79 of chain C (16) . Mutation of E538 affected both cell surface delivery and self-inhibition (Figs. 6 and 9). Thus this result indicates that both cell surface delivery and self-inhibition are strongly dependent on subunit-subunit interactions.
Mechanisms of effects of mutations on ENaC cell surface density. In epithelial cells, ENaC subunits are synthesized in the endoplasmic reticulum and transported specifically to the apical membrane facing the lumen. The route of transport of the subunits apparently proceeds via the Golgi complex and the trans-Golgi network. The proteins are then probably packaged in vesicular endosomes that are directed to the apical membrane (5, 36) . Studies on a variety of apical proteins have revealed several alternative routes of vesicular trafficking (41) . In some cell types, ENaC appear to be transported in membrane lipid raft domains (5) .
The oocyte system used here is a heterologous expression system for human proteins encoded by our cDNA constructs. The possibility that the behavior of the proteins in human cells may be different cannot be ruled out. However, the fact that in oocytes all the subunits reach the membrane and together form a functional ENaC indicates that most aspects of the intracellular trafficking machinery are conserved in vertebrate cell types. In oocytes, as in epithelial cells, cell surface expression of ENaC is dependent on the expression of all three subunits (Figs. 8 and 9 ). Thus apparently all three ENaC subunits need to be "packaged together" for transport to the membrane. Thus it is possible that mutations that affect ENaC subunit-subunit interactions may weaken the interaction between subunits and reduce the efficacy of packaging of ENaC for surface delivery. This possibility can be examined in the future by generating complementary charged residue mutations on other ENaC subunits and switching positions of charged residues to reconstruct salt bridges.
Although the course of events that transports ENaC subunits to the apical membrane is not well understood, there is evidence that ENaC subunits bind and interact with proteins involved in directional trafficking to the membrane (15) . These proteins include SNARE type proteins such as syntaxin (3), Rab GTPases (29) , and G proteins (17) . The list of proteins involved is probably longer than we currently recognize (41) .
Salt bridges based on charged residues have been noted as the major participants in specific protein-protein interactions (23) . Thus mutation of charged residues to Ala might have possibly interrupted interactions with other proteins involved in sorting, packaging, or transporting ENaC subunits, leading to a significant reduction in the number of ENaC channels assembled in the membrane.
Cell surface expression of ENaC is regulated by diverse signaling molecules and proteins such as protein kinases (36) . It is also possible that mutation of charged residues may affect the interaction of ENaC with such regulatory molecules that influence surface density of ENaC.
In conclusion, examination of the roles of charged residues on the surface of ␣-ENaC revealed that most of these affect the surface expression levels, probably by taking part in proteinprotein interactions during the transport process. Our results also further support previous studies that Na ϩ -dependent selfinhibition is a very significant determinant of ENaC activity.
